THE LEAVES OF A flowering plant typically show three characters that distinguish them from the stem and Ž . the shoot apical meristem SAM at its growing tip. Firstly, development of a leaf primordium involves initiation of growth in a novel axis lateral to that of the stem. Secondly the primordium contains no specialized apical initials, and primordial cells have a finite capacity for division. The leaf is consequently a determinate organ; unlike stem, which has the stem cell population of the SAM at its tip and therefore the potential for indeterminate development. Thirdly, a leaf is typically dorsoventral. It is usually flattened in a plane perpendicular to its dorsoventral axis, providing a large area for photosynthetic light harvesting and gas exchange, and may also show dorsoventral differences in its arrangement of tissues. In contrast, a stem is usually radially symmetrical about its major axis, at least early in development. Differential growth or reorientation of leaves, often in response to light and gravity, may lead to stems acquiring dorsoventral asymmetry as they mature. 1, 2 Because floral organs may show some or all of the leaf-like characteristics of lateral position, determinacy and dorsoventrality, they are widely regarded as equivalent to leaves and presumably have developmental mechanisms in common with leaves. In all cases, the mechanisms appear to function early in organ development because their consequences are apparent at, or soon after, primordial emergence. The greatest advances in understanding of these mechanisms have been made in maize, although studies with a variety of broad leaved, dicot, plants have provided valuable additional evidence. This review attempts to highlight some of the principles emerging from these studies.
Determination of lateral organ identity
Insights into determination of lateral organ identity, as distinct from shoot or SAM identity, have come from analysis of KNOTTED1-like homeobox genes, Ž . including SHOOTMERISTEMLESS STM of Arabidopsis. STM, which is required to establish and maintain the identity of stem cells in the SAM, is expressed in the SAM but expression is lost from lateral organ initials before primordial emergence.
3 ᎐ 5 This loss of STM expression provides the earliest known Ž . marker for lateral organ fate Figure 1 . It might also be sufficient to determine this fate because leaves can form ectopically from the summit of the SAM in weak stm mutants 4, 5 and in plants mutant for the PINHEAD gene which is proposed to be required for maintaining STM expression in this region. 6 However, tobacco plants constitutively expressing KNOTTED1 Ž . KN1 , the maize orthologue of STM, still initiate lateral organs normally despite expression of KN1 in lateral organ initials. 7 Although it has not been demonstrated that KN1 can functionally substitute for the tobacco STM gene, this suggests that processes independent of the loss of STM expression may be sufficient for lateral organ fate in normal positions.
The question of what might inhibit KN1-like gene 207 Figure 1 . Initiation of maize leaves A: A diagram of the vegetative apex of maize. P2 is the oldest leaf primodium to Ž . have emerged from the shoot apical meristem SAM . By this stage in development P2 encirles the shoot axis. Its midrib lies to the right, opposite cells which will give rise to the leaf margins. It partially obscures the P1 primordium which has just emerged from the SAM with its midrib to the left. B: A representation of a longtitudinal section Ž . through the apex shown in A . The KNOTTED1 gene is transcribed in the SAM and in cells which will give rise to Ž . stem tissue solid colour , but not in leaf primordia. Lack of expression also marks initials of the next leaf to be formed, P0. SHOOTMERISTEMLESS, the Arabidopsis orthologue of KNOTTED1, shows a similar pattern of down-regulation in leaf initials 8 .
expression specifically in lateral organ initials remains unanswered. No gene has been reported to show expression which is specific to lateral organ initials suggestive of a role as a lateral organ selector or repressor of KN1-like genes. However, numerous attempts have been made to explain the arrangement of organs around the stem axis, termed phyllotaxy.
Experimental studies and the modeling of known arrangements suggest that signals from existing organ initials are involved. The phenotypes of Arabidopsis Ž . clavata clv mutants are consistent with this view. Loss of CLV function leads to large increases in meristem volume, but the mechanisms which partition cells into lateral organ or non-lateral organ fates appear to be unaffected, because the relative spacing of primordia and their sizes remain normal. 12 In many cases the signals proposed to function in the determination of phyllotaxy are assumed to inhibit the formation of lateral organ initials in fields around existing groups of initials. Disruption of this inhibition might be expected to allow initiation of primordia closer to each other. Such a phenotype is observed in Petunia flowers mutant for the NO APICAL MERIS-Ž . 
Regulation of dorsoventrality
Dicot leaf primordia show little or no dorsoventral flattening at emergence, but soon become markedly flattened as cells proliferate in the lateral axis of the leaf. The result is that they are considerably wider at distal positions than where they join the stem proximally. Growth along the proximodistal leaf axis which leads to emergence is genetically separable from that which flattens the leaf, as demonstrated by the production of radially symmetrical, needle-like leaves in Ž .
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phantastica phan mutants of Antirrhinum. The primordia of phan mutant leaves resemble those of wild-type at emergence, indicating that the differences in mature leaf form result from disruption of lateral growth after initiation. The same may be true of needle-like leaves produced by Arabidopsis plants mutant for the REVOLUTA and ARRESTED DEVEL-OPMENT genes. 17, 18 Interestingly, no mutations have been identified which completely prevent initiation of leaf primordia leaving a stem axis only. This may be because determination of lateral organ identity and primordial initiation are integral to function of the SAM.
In these respects, the dicot leaf differs from grass-like leaves, as typified by maize, which are dorsoventrally flattened at emergence and subsequently proliferate little in their lateral axis. In maize, the loss of KN1 gene expression occurs first in cells that will give rise to the midrib and progresses outwards to encir-Ž . 19 cle the SAM Figure 1B . The subsequent shift in the polarity of cell growth and division which give rise to the primordium follow the same pattern so the Ž . distal tip of the midrib emerges first Figure 1A . For these reasons, the determination of lateral organ fate in maize has been described as a process of recruitment, though there is little evidence to suggest the involvement of inductive signals from previously determined initial cells that this implies. The existence of discrete regional identities along the lateral axis of prospective leaf initials has, however, been revealed Ž . by a mutation in the maize NARROW SHEATH NS gene. 20, 21 Loss of NS gene function deletes both leaf margins with their associated morphological markers, suggesting that the gene is required for a domain of prospective initials opposite the midrib to participate Ž . in formation of a primordium Figure 1A .
Although the dicot leaf differs from that of maize in exhibiting dorsoventrality only after primordial emergence, it seems likely that dorsoventrality is also specified within the meristem of dicots because the leaf dorsoventral axis corresponds to the apical basal axis of the SAM. The results of surgical experiments support this view. Excision and culture of leaf initials or insertion of impermeable barriers between initials and the summit of the SAM both lead to the production of radially symmetrical leaves, 22 ᎐ 25 suggesting that leaf dorsoventrality is specified before emergence, perhaps in response to a signal within the meristem originating dorsally.
We have proposed a model to explain the genetic determination of dorsoventrality in leaves of the dicot Antirrhinum based on the leaf phenotypes of phantas-Ž .
16 tica phan mutants. PHAN is assumed to have a partially redundant role in determining the identity of dorsal leaf initial cells. Subsequent interaction between cells with dorsal and ventral identities stimu-Ž . lates lateral proliferation of the leaf lamina blade parallel to the original proximodistal axis of the leaf Ž . Figure 2A . This view of dorsoventral flattening in the dicot leaf has striking similarities to development of the maize ligule. The ligule, like the leaf lamina, is formed by a shift in the pattern of cell division which results in outgrowth of a fringe of tissue in a novel axis perpendicular to the original leaf axis. 26 The ligule and associated auricle tissue are formed at the boundary between cells with distinct identities-sheath proximal to the stem and leaf blade distally-suggesting that it results from an interaction between cells Ž . with different identities Figure 2B . The formation of ligule and auricle structures at the boundaries of ectopic sheath tissue within the blade of plants misexpressing KN1-like homeobox genes supports this view. 27 Unlike the dicot leaf blade, the maize auricle and ligule are dispensable, making them more amenable to genetic analysis. Such analysis has iden-Ž . tified two genes on the basis of liguleless lg mutant phenotypes which have potential roles in signaling across the sheathrblade boundary. Loss of LG1 gene function prevents formation of the ligule and auricle, at least on basal leaves of the plant, 28 while lg2 mutations have a similar, but less severe effect. 29 Plants homozygous for null alleles of both LG1 and LG2 show an enhanced mutant phenotype and the severity of the lg1 mutant phenotype is dependent on LG2 dosage, and vice versa. 29 These genetic interactions imply that LG1 and LG2 are expressed independently and act near each other in a developmental pathway as, for example, is expected of a ligand and its receptor. lg2 mutant clones induced in a wild-type background develop normal ligule and auricle structures, suggesting that LG2 is required for the production of a signal which can act on mutant cells at a distance. 29 The LG2 gene product is therefore a candidate for a signaling ligand. In contrast, lg1 mutant cells are unable to form normal auricle and ligule, 28 as would be expected of a gene necessary for production of a receptor. However, the LG1 protein is targetted to the nucleus and shows no sequence similarity to indicate potential function, 30 suggesting that it is not itself a conventional transmembrane receptor. Interestingly, lg1 mutant clones also appear to inhibit transmission of a ligule-inducing signal from the midvein to the margin of the leaf implying that the gene is not only required for perception of a signal, but also for its propagation.
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Perspectives
Though the leaf has been regarded as an unpromising developmental model, such studies seem likely to reveal mechanisms of pattern formation which are applicable to other parts of the plant, including earlier events in leaf morphogenesis. The emerging picture of leaf development shows obvious parallels to processes known to operate in animals, including the establishment of large domains with different identities in response to long-range morphogens, followed by short-range signaling across domain boundaries to define identities of subdomains and direct localized Ž 32, 33 growth see Cohen et al and Neuman and Cohen for a discussion of these processes in the Drosophila . wing . It suggests that the paradigms of Drosophila development may well provide the key to understanding analogous phenomena in plants. The principles may well be the same, although the molecules are likely to be different.
